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Ectopic gene expression and homeotic transformations in
arthropods using recombinant Sindbis viruses
David L. Lewis*, Mark A. DeCamillis*, Craig R. Brunetti*, Georg Halder*,
Victoria A. Kassner*, Jane E. Selegue*, Stephen Higgs† and Sean B. Carroll*
Background: The morphological diversity of arthropods makes them attractive
subjects for studying the evolution of developmental mechanisms. Comparative
analyses suggest that arthropod diversity has arisen largely as a result of
changes in expression patterns of genes that control development. Direct
analysis of how a particular gene functions in a given species during
development is hindered by the lack of broadly applicable techniques for
manipulating gene expression.
Results: We report that the Arbovirus Sindbis can be used to deliver high
levels of gene expression in vivo in a number of non-host arthropod species
without causing cytopathic effects in infected cells or impairing development.
Using recombinant Sindbis virus, we investigated the function of the homeotic
gene Ultrabithorax in the development of butterfly wings and beetle embryos.
Ectopic Ultrabithorax expression in butterfly forewing imaginal discs was
sufficient to cause the transformation of characteristic forewing properties in
the adult, including scale morphology and pigmentation, to those of the
hindwing. Expression of Ultrabithorax in beetle embryos outside of its
endogenous expression domain affected normal development of the body wall
cuticle and appendages.
Conclusions: The homeotic genes have long been thought to play an important
role in the diversification of arthropod appendages. Using recombinant Sindbis
virus, we were able to investigate homeotic gene function in non-model
arthropod species. We found that Ultrabithorax is sufficient to confer hindwing
identity in butterflies and alter normal development of anterior structures in
beetles. Recombinant Sindbis virus has broad potential as a tool for analyzing
how the function of developmental genes has changed during the diversification
of arthropods.
Background
A major goal of evolutionary biology is to understand the
genetic and developmental basis of morphological change
and diversity [1]. The arthropods are especially attractive
subjects for study because of the many variations of their
basic body plan and appendage structure [2]. Compara-
tive studies have identified differences in the expression
patterns of genes that correlate with differences in mor-
phology between taxa [3–10]. One limitation of this
approach is that it does not provide direct information
about gene function during development. For example,
comparative studies cannot distinguish whether expres-
sion of a particular gene is sufficient to initiate the
development of a particular structure or whether it acts
largely to modify ultimate morphology. Ideally, one
would like to alter the expression of a specific gene and
then assess the effect on development. This has been
accomplished in the model insect species Drosophila
melanogaster through the use of transposon-mediated
germline transformation to create lines that carry a gene
of interest under the control of an appropriate enhancer.
Analysis of gene function by germline transformation may
not be feasible for the vast majority of arthropod species
because of incompatibility or instability of transposons,
difficulties associated with screening and maintaining
transformed lines and the requirement for at least a rudi-
mentary knowledge of the genetic makeup of the species
of interest. One approach that does not necessarily require
knowledge of the host genome is virus-mediated ectopic
gene expression. This approach has been used with great
success in studying gene function during vertebrate devel-
opment (see [11] for a review). Here, we describe the
application of the Sindbis (SIN) virus to study gene func-
tion during development in various arthropod species.
The SIN virus is an enveloped, positive-strand RNA virus
that cycles between vertebrate and mosquito hosts [12,13].
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In nature, the mosquito vector becomes infected by
ingestion of a blood meal from an infected vertebrate.
The virus then spreads from the gastrointestinal tract to
the hemocoel of the mosquito and establishes a persis-
tent infection in the salivary glands. The infected mos-
quito can then infect a new vertebrate host by the
release of virus in its saliva during its next blood meal.
The SIN virus is not normally transmitted from mos-
quito to mosquito, although there are some reports of
low levels of vertical transmission [14,15]. In vivo, SIN
virus infections in vertebrate species can result in patho-
logical effects whereas infections in mosquitoes do not.
In vitro, the SIN virus is able to infect cell lines derived
from many different animal species, and replication-
competent as well as replication-defective constructs
have been engineered that direct high levels of expres-
sion of biologically active gene products [16,17]. 
Previously, recombinant SIN viruses have been used in vivo
to direct ectopic gene expression in mosquitoes [18–22].
Here, we show that the SIN virus has characteristics
that make it useful for studying gene function in a wide
variety of non-host arthropod species. These characteristics
include a wide arthropod-species and tissue tropism; the
ability to deliver high levels of gene expression; and the
lack of effect on the development or normal physiology of
the infected animal. We used recombinant SIN virus to
investigate the function of the homeotic gene Ultrabithorax
during development of butterflies and beetles.
Results
The SIN virus is able to express foreign genes in a non-host
species and has broad tissue tropism
Initially, a survey of three engineered viral vectors
including baculovirus, vaccinia virus and SIN virus was
performed to determine which, if any, would possess the
characteristics necessary to be useful for studying gene
function during development. Recombinant versions of
baculovirus and vaccinia virus were able to infect the
arthropod species of primary interest to us, the Lepi-
dopteran Precis coenia (data not shown). Unfortunately,
in this species, baculovirus infections caused severe
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Figure 1
Procedure for the production of recombinant
double-subgenomic SIN (dsSIN) virus.
Plasmid pTE3′2j contains a cDNA copy of the
SIN viral genome with an additional SIN
subgenomic promoter at the 3′ end. The gene
of interest is inserted just downstream of the
additional SIN promoter. Full-length
recombinant viral RNA is produced by in vitro
transcription initiated from a bacteriophage
promoter located upstream of the 5′ end of
the viral cDNA and then used to transfect an
animal cell line in vitro. Translation, replication
and transcription of the RNA take place in the
cytoplasm of the transfected cell and
recombinant virions are released into the
tissue culture fluid. As the in vitro transcribed
RNA alone is sufficient to initiate virus
production in the cell, no specialized
packaging cell lines or isolation and
purification of recombinant viral particles are
necessary. The replication-defective virus
SINrep5, which contains a deletion of the SIN
structural genes, is prepared similarly from the
plasmid pSINrep5. In this case, the production
of SIN pseudovirions is accomplished by
cotransfection of helper RNA, which supplies
the structural genes in trans.
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pathological effects whereas vaccinia virus infections were
limited in scope and provided relatively low levels of
reporter gene expression. The successful use of bac-
ulovirus to direct ectopic gene expression in other non-
host animal species is described in the accompanying
paper by Oppenheimer et al. [23]. 
The procedure for the construction of recombinant SIN
virus is shown schematically in Figure 1. After a replica-
tion-competent SIN virus containing the coding region of
green fluorescent protein (dsSIN–GFP) was injected into
either larval or pupal stage Precis, high levels of GFP were
observed in several tissues including hemocytes, fat
bodies, nervous tissues and imaginal discs within hour 24
post-infection (pi; Figure 2 and data not shown). Fluores-
cent imaging of infected pupal wing imaginal discs
revealed high levels of GFP and viral E1 envelope protein
in many of the cell types present in this tissue including
the scale-building cells, socket cells, undifferentiated
epithelial cells and neurons (Figure 2a,b). The percentage
of individuals with GFP expression in wing discs ranged
from 12% for larvae (n = 24) to 50% for pupae (n = 16).
The frequency and location of infections did not appear
to be dependent on the location of injection although
somewhat larger fields of infection could be generated in
larval wing discs if they were injected directly (data not
shown). These data indicate that dsSIN–GFP is able to
infect many cell types within a non-host species and to
direct expression of a foreign gene.
The SIN virus productively infects butterfly wing imaginal
discs and causes no cytopathic effects
To determine whether the SIN virus is capable of pro-
ductive infections and whether viral infection would
lead to any cytopathic effects, early pupal-stage
animals were injected with the replication-competent
dsSIN–GFP virus, or a replication-defective form of the
virus, SINrep5–GFP, and their wing discs examined at
various times post-infection. If a productive infection
occurs with dsSIN-GFP, then the number of cells infected
will increase dramatically with time when compared
with SINrep5-GFP. Examination of wing discs at hour
12 pi with both forms of the virus revealed that only
individual cells or small groups of cells expressed GFP
(Figure 2c,f). By hours 24 and 48 pi with dsSIN–GFP,
large areas of GFP-expressing cells occasionally covering
as much as 50% of the wing imaginal disc could be
observed (Figure 2d and data not shown). This large
increase in the number of cells expressing GFP was
due to the spread of infection and not simply to GFP
persistence in daughter cells as GFP expression in wing
discs infected with replication-defective SINrep5–GFP
pseudovirions was limited to small groups of cells at
hours 24 and 96 pi (Figure 2g,h). By hour 96 pi, a time
when scale development is advanced, phenotypically
normal scales could be observed in cells that contain
GFP (Figure 2e,h). The fact that scales, which contain
complex cytoskeletal structures, showed no detectable
defect in growth rate, size, shape or microarchitecture
suggests that viral infection had no significant cytopathic
consequences in this tissue. Furthermore, we found no
difference in the survival or wing morphology between
animals infected with dsSIN–GFP and those that were
mock-injected (Table 1).
Viral expression of Ultrabithorax causes homeotic
transformations in butterfly forewings
The ability of dsSIN–GFP to productively infect butter-
fly wing imaginal discs without deleterious effects and to
deliver high levels of reporter gene expression allowed
us to test whether viral expression of a developmentally
important gene could induce phenotypic effects. We
chose to ectopically express the homeotic gene Ultra-
bithorax (Ubx) because it has been shown to control wing
and haltere differences in the model insect species
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Figure 2
The dsSIN virus productively infects several cell types in the wing
imaginal disc of the butterfly P. coenia without cytopathic effects.
Confocal micrographs of pupal wing imaginal discs infected with 
(a–e) the replication-competent dsSIN virus expressing GFP (green)
or (f–h) the replication-defective SINrep5–GFP pseudovirus. 
(a) Infected wing disc (24 h old) immunostained with an antibody
directed against the viral E1 envelope protein (blue), which was
localized to the cytoplasmic membrane of infected cells. GFP was
observed in the cytoplasm and nucleus of scale-building cells (sbc),
socket cells (sc) and undifferentiated epithelial cells (ec). (b) A GFP-
expressing neuron near the wing margin in a 5 day old pupal wing
disc. (c,f) At hour 12 pi, only single cells or small groups of cells
were observed to express GFP. By hour 24 pi, large areas of cells
expressed GFP in (d) dsSIN–GFP-infected animals, whereas GFP
expression was limited to only small groups of cells in 
(g) SINrep5–GFP-infected animals. (e,h) At hour 96 pi, GFP was
visible in the developing wing scales. All wing imaginal discs were
counterstained with the nuclear dye ToPro-3 (red; Molecular Probes).
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D. melanogaster [24–26]. Ubx is expressed throughout the
highly modified hindwing, the haltere, of Drosophila and
the hindwing of Precis but is not expressed in the
forewing of either species [27–29]. Ectopic expression of
Ubx in the Drosophila forewing results in the transforma-
tion of its identity towards that of the haltere [30,31]. If
Ubx controls differences such as color patterning and
scale morphology between the forewing and hindwing of
Precis (Figure 3a,b,d,e,h,i), then ectopic expression of
Ubx in the forewing should result in transformations of
these traits towards those of the hindwing.
A dsSIN virus was constructed that contained the entire
coding region of the Drosophila Ubx-Ia gene
(dsSIN–Ubx). Injection of dsSIN–Ubx into the hemocoel
of last instar larvae resulted in nuclear Ubx expression in
wing imaginal disc cells in 18% (n = 33) of the injected
animals by hour 48 pi (data not shown). The levels of
virus-expressed Ubx were at least 5–10-fold higher than
the levels of endogenous Ubx expressed in the hindwing,
as determined by immunostaining (data not shown).
Inspection of adult animals that were infected as larvae
revealed that 30% contained scales in the forewing that
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Table 1
Effects of recombinant SIN virus infection on butterfly development.
Virus Titer Number of larvae Number that Number that Number of adults with
(TCID50/ml) injected pupated (%) eclosed (%) homeotic phenotype* (%)
dsSIN–GFP 1 × 108 60 56 (93) 46 (77) 0 (0)
Mock-injected – 83 76 (92) 68 (82) 0 (0)
dsSIN–Ubx 1 × 108 105 95 (90) 82 (78) 25 (30)
*Animals were scored as homeotic on the basis of shape and pigmentation of the scales on the ventral surface of the forewing. TCID50/ml, tissue
culture infectious dose per ml.
Figure 3
Ectopic expression of Ubx in butterfly forewing
imaginal discs causes homeotic
transformations of forewing scales to hindwing
identity. (a,b) The ventral surfaces of the
wild-type adult Precis (a) forewing and
(b) hindwing differ in their wing color patterns.
(c) The ventral forewing of an individual
infected with dsSIN–Ubx. The presence of
many wing scales that have been transformed
and that produce pigments characteristic of
the hindwing gave the wing a dull appearance.
(d,e) High magnification view of wild-type adult
(d) forewing scales and (e) hindwing scales.
The scales in much of the ventral forewing are
rounded whereas the scales in the hindwing
are scalloped. The hindwing also contains long
hairs throughout much of the wing. (f,g) High
magnification views of homeotically
transformed scales in adult forewings of
animals infected with dsSIN–Ubx. (f) A patch
of transformed wing scales is visible within the
distal orange band in the proximal region of the
forewing. The transformed scales are
scalloped and do not synthesize observable
levels of forewing-specific orange pigment.
(g) In some dsSIN–Ubx-infected animals,
hindwing-like hairs were observed in the
forewing. (h–j) Views of the posterior eyespot
on the ventral surface of (h) a wild-type adult
forewing, (i) a wild-type hindwing and (j) in a
forewing of an animal infected with
dsSIN–Ubx. Transformed scales with
hindwing-like shape and pigmentation are
present within the forewing eyespot in the
infected individual.
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had hindwing-like characteristics (Table 1). Specifically,
affected scales in areas of the ventral surface of the
forewing that normally have rounded edges were scal-
loped and contained pigment like that found in the
homologous position of the hindwing (Figure 3c,f,g,j).
Hairs, which are present in much of the wild-type hind-
wing but not the forewing, were also observed in the
forewing in the affected individuals (Figure 3g). Because
scales on the dorsal surface of the forewing and hindwing
are similar in shape, we could not use this characteristic to
assess the presence of transformed scales. Nevertheless,
many scales on the dorsal surface of the forewing in
infected individuals did contain hindwing-like pigmenta-
tion, consistent with transformation towards hindwing
identity (data not shown). None of the phenotypes
described above were obtained when animals were
injected with dsSIN–GFP. In all infected individuals, the
scales of the hindwing were unaffected.
To confirm that the forewing transformations were the
result of dsSIN–Ubx infection, infected larvae were
allowed to develop to a point in the pupal stage when the
basic morphology of the scale would be apparent and then
the wing discs were immunostained for the presence of
viral E1 protein. E1 protein was visible in transformed
scalloped scales in the forewing (Figure 4), demonstrating
that the phenotypic transformation was the result of
dsSIN–Ubx infection. Together, these results provide
direct evidence that expression of Ubx in the Precis
forewing imaginal disc is sufficient to transform forewing
identity to that of the hindwing and illustrate the useful-
ness of dsSIN for studying the function of a gene in a
developmental pathway.
SIN virus can infect beetle embryonic tissue and viral
expression of Ubx causes defects in the head and thorax
As major morphological differences between animal taxa
often arise during embryogenesis, we tested whether we
could use the dsSIN virus to study gene function during
this developmental stage. First, experiments to deter-
mine whether the virus can infect embryonic cells were
performed by injecting dsSIN-GFP into 1–3 hour old
embryos of the red flour beetle Tribolium castaneum. After
development had proceeded through germ-band elonga-
tion, the embryos were analyzed for the presence of GFP
and viral E1 protein. Both of these proteins were detected
in 25% of the injected animals (n = 147), and were
present in mesodermal and ectodermal cells of the
embryo, indicating that the virus was able to infect both
of these cell types (Figure 5a). SINrep5–GFP pseudoviri-
ons were also capable of infection but the infection
appeared to be limited to the initially infected cells as
would be expected for a replication-defective virus (data
not shown). As with butterfly larvae and pupae, there
appeared to be no cytopathic effects associated with viral
infection and embryos developed normally (Table 2).
To test whether Tribolium embryonic development could
be affected by dsSIN virus, 1–3 hour old embryos were
infected with dsSIN–Ubx. Examination of the animals
by scanning electron microscopy after they had com-
pleted embryogenesis revealed that 23% had cephalic or
thoracic cuticle defects when compared with the wild
type (Table 2; Figure 5b,c and data not shown). This
figure correlates well with the percentage of embryos
that showed ectopic Ubx expression in this region 3 days
after infection (32%, n = 140). No defects in paraseg-
ments 6–15, the domain of endogenous Ubx expression,
were detected in infected animals. The levels of virally
expressed Ubx were at least 5–10 times higher than the
endogenous Ubx expressed in parasegment 6, as deter-
mined by immunostaining (data not shown). The most
commonly observed defects were found in the labial
segment and included the failure of the developing labial
palps to migrate towards the ventral midline and fuse at
their base (Figure 5c). 
To confirm that this labial segment phenotype was due
to ectopic Ubx expression, Tribolium embryos injected
with dsSIN–Ubx were allowed to develop for 3 days and
then immunostained for the presence of Ubx protein.
Cells expressing high levels of Ubx could be seen in the
position in which the final migration of the infected labial
palp was arrested compared with the uninfected con-
tralateral palp (Figure 5d). This phenotype is similar to
that generated during Drosophila embryonic labial sense
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Figure 4
Forewing scale transformation is correlated with dsSIN–Ubx infection.
Immunofluorescent staining of an infected pupal wing imaginal disc. By
hour 96 pi, viral E1 antigen (green) is observed in developing scales
that have been transformed to scalloped, hindwing-like scales (arrows)
in the forewing imaginal disc of a dsSIN–Ubx-infected pupa. Scales
were counterstained with Texas Red–phalloidin (red).
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organ development when Ubx is ubiquitously expressed
from a heat-shock-inducible P element [32,33], suggesting
that this effect of ectopic Ubx expression on morphogenetic
movement in the labial segment may have a common devel-
opmental basis in these two species, despite the radically
different morphology of the appendages in this segment.
A wide variety of other non-host arthropod species can be
infected with SIN virus
The ability of dsSIN virus to infect and ectopically
express genes in butterflies and beetles led us to investi-
gate whether dsSIN could be used in other arthropod
species that are even more distantly related to the natural
mosquito host. This would greatly enhance the utility of
the virus for studying development in diverse arthropods.
A hemimetabolous insect, the Hemipteran Oncopeltus fas-
ciatus (milkweed bug) and a crustacean, Artemia franciscana
(brine shrimp) were used as test species. Injection of
Oncopeltus embryos with dsSIN–GFP resulted in GFP
expression in 4 of the 14 animals inspected. As in Tri-
bolium embryos, GFP could be detected in both epider-
mal and mesodermal cells (Figure 6a). Because the hard
shell of the Artemia blastocyst precluded injection, we
attempted to infect Artemia nauplius larvae by feeding
them mosquito C6/36 tissue culture cells infected with
dsSIN–GFP. Infection of this cell line, unlike mammalian
cell lines, does not cause cytopathic effects and the cells
continue to produce virus for a significant period of time
after the initial infection. Approximately 15% of the
Artemia exposed to the infected cells (n = 40) showed GFP
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Figure 5
Tribolium embryos can be infected with dsSIN virus, and viral
expression of Ubx causes defects in the development of the head.
(a) Confocal micrograph of a portion of a 3 day old Tribolium embryo
infected with dsSIN–GFP and immunostained for the presence of
the viral E1 protein. Embryonic ectodermal cells (ec) and
mesodermal cells (mc) could be observed expressing GFP (green)
and viral E1 protein (blue). (b) Scanning electron micrograph of the
ventral head of a wild-type Tribolium first instar larva. Note the
position of the fused labial palps. (c) Scanning electron micrograph
of the ventral head of an infected first instar larva. In this animal, the
labial palps remained unfused (arrows). The dsSIN–Ubx-infected
larva also had defects in the left mandible and was missing the right
antenna. (d) In an infected 5 day old embryo, virally expressed Ubx
protein (green) was detected in the region of the labial segment and
associated with a defect in the migration of the right labial palp
(arrow). The unaffected left labial palp had migrated anteriorly and
towards the ventral midline by this stage of embryogenesis. Animals
in (a,d) were counterstained with the nuclear dye ToPro-3 (red). An,
antenna; Li, labial palp; Lm, labrum; Mn, mandible; Mx, maxilla; T1,
first thoracic limb bud; T2, second thoracic limb bud.
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Table 2
Effect of recombinant SIN virus infection on beetle embryonic development.
Virus Titer Number of embryos Number of L1 Number of L1 survivors
(TCID50/ml) injected survivors (%) with cuticle phenotypes* (%)
dsSIN–GFP 1 × 108 626 94 (15) 0 (0.0)
Mock-injected – 374 90 (24) ND
dsSIN–Ubx 1 × 108 760 152 (20) 35 (23)
*Cuticle phenotypes detected were limited to the head and thoracic regions and included malformations of both body wall and appendages. L1,
first instar larva; ND, not determined.
Figure 6
The dsSIN virus is able to infect and express genes in diverse
arthropods. Confocal micrographs of (a) an infected 2 day old
Oncopeltus embryo and (b) an uninfected (left) and infected (right)
Artemia nauplius larva. GFP is shown in green. The Oncopeltus
embryo was counterstained with the nuclear dye ToPro-3 (red). The
Artemia were viewed by their autofluorescence in the Cy5 channel
(red). The uninfected animal showed extremely low fluorescence in the
fluorescein isothiocyanate (FITC) channel compared with the infected
GFP-expressing animal. Mn, mandible; Mx, maxilla; Li, labial palp; T1,
first thoracic limb bud.
(a) (b)
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expression and, in some cases, GFP fluorescence could be
observed in nearly the entire animal (Figure 6b). Artemia
exposed to virus alone or uninfected cells did not show
GFP expression. The Artemia appeared to suffer no dele-
terious effects as a result of viral infection, exhibiting
normal swimming movements and retaining the ability to
molt. These data indicate that recombinant SIN virus can
be used in different classes of arthropods as a means of
ectopically expressing genes.
Discussion
Here, we have shown that recombinant SIN virus can be
used as a tool to study gene function in a variety of
arthropod species. We have illustrated this by inducing
homeotically transformed tissue in butterfly wings and
developmental defects in the head and thorax of beetle
embryos through viral expression of Ubx. In butterflies,
one of the effects of Ubx expression in the forewing was
evident in the shape of infected wing scales that took on a
hindwing-like morphology. Our data indicate that expres-
sion of Ubx is sufficient to produce this morphological
transformation, presumably by regulating genes that
control processes such as actin polymerization. The partic-
ular colors of wing scales are also affected by the expres-
sion of Ubx. The type of pigment synthesized in a scale is
dependent on a number of factors including the proximity
of the scale-building cell to a signaling source in the wing
and how that cell is genetically programmed to respond to
that signal [34,35]. In the eyespot field of a dsSIN–Ubx-
infected forewing, the response of an infected cell to the
signal originating from the eyespot focus was changed by
the expression of Ubx. Instead of responding by producing
a forewing-specific black pigment, the cell expressing
ectopic Ubx produced a hindwing-specific reddish pigment.
The transformation of forewing identity to that of the
hindwing is reminiscent of reported spontaneous cases of
this type of homeosis observed in individuals from wild
populations of some butterfly species [36,37]. Although
the molecular and genetic cause(s) of this naturally occur-
ring homeosis has not been investigated, it is likely, on
the basis of our studies, that ectopic homeotic gene
expression in the forewing is the cause.
In beetles, we observed multiple defects in the appendages
and body wall of the head and thorax as a result of
ectopic Ubx expression. Because the beetle larva contains
fully developed larval appendages in the head and
thorax, unlike the Drosophila larva, the only other insect
for which data for the effects of ectopic Ubx expression
exist, it is somewhat difficult to compare the phenotypes
seen in beetles with those previously reported for
Drosophila. One developmental outcome that is compara-
ble is the failure of the labial appendages to migrate and
fuse along the ventral midline during embryogenesis. In
Drosophila embryos, this phenotype is thought to be a
result of transformation of this segment towards an
abdominal identity [32,33,38,39]. The failure of morpho-
genesis in the labial segment as a result of viral expres-
sion of Ubx in the beetle embryo is consistent with this
type of transformation. Nevertheless, because of the
patchy nature of viral infections and the lack of clearly
distinguishable abdominal markers in the affected
regions, we are not able to determine with certainty that
this is the case in beetle embryos. Interestingly, this phe-
notype is also observed in beetles that are mutant for the
putative homolog of Sex combs reduced (Scr) [40]. Precisely
how ectopic Ubx may affect the function of Scr in this
region is not known. Studies performed in Drosophila
indicate that ectopic Ubx is able to decrease Scr expres-
sion. This effect is not immediate, however, suggesting
that Ubx and Scr may co-exist for a significant time
within the same cell, which may affect the specificity of
Scr function [33].
The wide species and tissue tropism of SIN virus, the
benign nature of SIN infections in embryonic, larval or
pupal-stage animals, and the ability of the virus to direct
high levels of foreign gene expression make SIN virus
especially attractive for use in investigating gene function
during arthropod development. From a technical stand-
point, recombinant SIN viral genomes are relatively easy
to construct and virus preparation does not require isola-
tion or plaque purification of recombinant viral particles or
specialized packaging cell lines. The extent of viral infec-
tion can also be controlled as both replication-competent
and replication-defective forms of the virus can be pre-
pared. Virus can be delivered by injection, or in some
animals such as Artemia, by oral inoculation. We have not
observed transmission of SIN virus from individual to
individual or to offspring. 
Using the SIN viral expression system, it will not only be
possible to ectopically express the wild-type version of a
gene in order to test function; in addition, dominant-nega-
tive and constitutively active forms could be used. Such
approaches will open new avenues towards understanding
the genetic and developmental basis of arthropod diversity.
Conclusions
Analysis of how gene function has evolved in different
arthropod lineages is hampered by the lack of means to
manipulate gene expression. We have found that the SIN
virus can be used to drive foreign gene expression in a
variety of arthropod species. Using a recombinant SIN
virus to ectopically express the homeotic gene Ubx in but-
terflies, we found that Ubx is sufficient to transform
forewing scale morphology and coloration to that of the
hindwing. Ectopic expression of Ubx in the beetle
embryo disrupted segmental identity in the cuticle of the
head and thorax. The SIN virus should prove to be a
valuable tool to investigate gene function in non-model
arthropod species.
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Materials and methods
Virus construction and preparation
The dsSIN–GFP DNA (TE/3′2J/GFP) was constructed as described
previously [19]. SINrep5–GFP DNA was constructed by inserting the
GFP coding region into the replicon vector pSINrep5 [17]. The
dsSIN–Ubx DNA was constructed by inserting the full-length coding
region of D. melanogaster Ubx-Ia into the SIN viral vector pTE/3′2J [16].
In vitro transcription of recombinant dsSIN vectors and production of
recombinant dsSIN viruses were performed using methods described
previously [19]. Packaging of SINrep5–GFP RNA was accomplished
using the defective helper DH(26S)5′SIN [17] and methods described
previously [21]. Viral titers were approximately 108 tissue culture infec-
tious dose (TCID50)/ml for dsSIN viruses and 107 infectious units/ml
for SINrep5–GFP.
Animal rearing
P. coenia was reared as described previously [41]. T. castaneum Georgia
strain (Ga-1) were maintained on whole wheat flour supplemented with
5% brewer’s yeast. O. fasciatus and A. franciscana were reared accord-
ing to the supplier’s instructions (Carolina Biological Supply Co.).
Infection
Pupal and larval stage Precis were injected percutaneously with 1–5 µl
virus using a Hamilton syringe. Larvae were injected through the cuticle
of the first abdominal segment and pupae were injected through the
cuticle that covers the developing wing discs. Tribolium embryos
(0–2 h old) were treated for 2 min with a 2% Chlorox solution to
remove remaining flour. Treated embryos were placed on a thin layer of
glue at one edge of 22 × 22 mm cover slips, which were then placed
on a 25 × 75 mm glass microscope slide. A 24 × 60 mm coverslip with
small amounts of Vaseline on the front corners was placed over the
embryos so that the front edge was approximately 1 mm above. Dis-
tilled water was placed in the space between the two cover slips in
order that the embryos were submerged; 1–3 h old embryos were then
injected near the midpoint of the egg with a pulled glass needle using a
micromanipulator and microinjector set-up (Narishige). No attempt was
made to direct the injection to a specific area of the embryo or to the
perivitelline space. Cover slips with the injected embryos were
removed from the microscope slide and placed on apple juice-agar
plates [42] and sealed in a petri dish. Embryos were then allowed to
develop at 28°C and completed embryogenesis in 6 days. Oncopeltus
embryos (0–16 h old) were injected using the method developed for
Tribolium embryos. Embryos were allowed to develop at 28°C and
completed embryogenesis in 6–7 days. Artemia nauplius larvae (0–5 h
old) were exposed to dsSIN–GFP infected C6/36 (Aedes albopictus)
cells for 24 h, then removed to artificial seawater and allowed to
develop an additional 24 h.
Biosafety
Although SIN virus is benign to arthropod hosts, there can be a low
level of pathogenicity associated with viral infections in vertebrates,
including humans. For this reason, SIN virus has been classified as a
Biosafety Level-2 agent. 
Tissue fixation and immunostaining 
Fixation and immunostaining of Precis wing imaginal discs was per-
formed as described previously [35]. Viral E1 antigen was detected
using the monoclonal antibody 30.11a [43]. Tribolium embryos were
fixed before immunostaining for 20 min in a two-phase solution contain-
ing heptane, 0.1 M piperazine-N,N′-bis[2-ethanesulfonic acid] pH 6.9,
2 mM MgSO4, 1 mM [ethylene(bisoxyethylenenitrilo)] tetraacetic acid,
and 4% formaldehyde. Fixed embryos were removed to MeOH and
stored at –20°C. Embryos were rehydrated in PBT (PBS containing
0.1% Tween-20), blocked for 1 h in incubation buffer (PBT containing
1.0% BSA), then incubated with primary antibody overnight at 4°C.
Primary antibody was removed and the embryos were washed in incu-
bation buffer six times over 1 h at room temperature. Embryos were
then incubated in fluorescently labeled secondary antibodies (Jackson
ImmunoResearch Laboratories) for 4 h at room temperature then
washed as above. Ubx protein was detected using the Drosophila Ubx-
specific monoclonal antibody FP.3.38 [44]. Infected Oncopeltus
embryos were fixed before microscopy using the same procedure used
for Tribolium embryos. Artemia nauplius larvae were fixed for 1 h on ice
in PBS containing 12% formaldehyde before microscopy.
Supplementary material
The complete methodology used for preparation and titering of recom-
binant SIN virus is available at http://current-biology.com/supmat/sup-
matin.htm.
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Supplementary materials and methods
Construction of recombinant dsSIN and SINrep5 DNA
Recombinant dsSIN DNA was constructed using standard recombi-
nant DNA cloning techniques [S1]. The plasmid used for this purpose,
pTE3′2j (approximate size 13.5 kb), contains a cDNA copy of the full-
length SIN TE12 viral RNA genome followed by a second SIN subge-
nomic mRNA promoter element cloned immediately 3′ of the SIN
structural protein open reading frame [S2]. A unique XbaI restriction
site was engineered immediately downstream of the second promoter
and is used to insert the foreign gene of interest. This is followed by the
entire SIN 3′ non-coding region and a poly(A) tract. The plasmid origi-
nally described contains a unique XhoI restriction site just downstream
of the poly(A) tract which is used for linearization of the DNA before in
vitro transcription reactions. We have added a PacI restriction site for
this purpose for use when the foreign gene itself contains a XhoI
restriction site. The sequence of pTE3′2j can be obtained from the
authors by request. 
To clone a gene of interest into pTE3′2j, the gene must contain XbaI
compatible restriction sites (XbaI, NheI or SpeI) at its 5′ and 3′ ends as
this is the only available unique restriction site for use. An ATG start
codon as well as a stop codon must also be present in the gene of inter-
est as these are not provided in pTE3′2j. The coding region must not
contain introns as the virus life cycle is restricted to the cytoplasm of
infected cells. Ideally, the insert size should be less than 2 kb in length as
longer inserts tend to result in lower viral titers or reduced recombinant
stability [S2]. Nevertheless, we have made viruses of reasonable titer that
express foreign proteins encoded by inserts up to 3.2 kb in length. We
have successfully used two different strategies for engineering XbaI-com-
patible ends on the DNA fragment of interest. In the first strategy, a pair
of PCR primers are designed to the 5′ and 3′ ends of the coding region
that have XbaI-compatible restriction sites at their 5′ ends. PCR is per-
formed for 15 cycles on 1 ng DNA template using 2.5 U Pfu DNA poly-
merase (Stratagene). The PCR product is then A-tailed by incubating
with Taq DNA polymerase (Stratagene) before ligation to the TA cloning
vector pCRII (Invitrogen). The cloned fragment must then be sequenced
in its entirety to confirm that no errors were introduced during PCR. The
fragment is then excised from pCRII by digestion with the appropriate
restriction enzymes and ligated to pTE3′2j previously digested with XbaI
and treated with calf alkaline phosphatase. In the second strategy, the
coding region of the gene to be cloned is first isolated by incubation with
restriction enzymes that flank the 5′ and 3′ ends. After end-filling the frag-
ment, linkers containing XbaI-compatible ends are then ligated onto the
ends. After removal of the excess linkers and digestion with the appropri-
ate restriction enzyme, the fragment is ligated directly to pTE3′2j as
above. The ligation products are then used to transform competent
Escherichia coli which are selected for ampicillin resistance. Putative
recombinant plasmids are screened by restriction analysis or PCR and
are sequenced across the cloning junction using DNA primers located 5′
and 3′ of the pTE3′2j XbaI site.
Construction of recombinant pSINrep5 DNA is similar to that used for
pTE3′2j. The pSINrep5 (9.95 kb) plasmid contains a deletion of the
SIN structural genes. These are supplied in trans from a helper RNA
which is co-tranfected with SINrep5 RNA in order to produce the
pseudovirions, which are capable of only a single round of infection
(see below). Recombinants are constructed more conveniently in
pSINrep5 than in pTE3′2j as it contains multiple restriction sites for
insertion of foreign DNA sequences and linearization of the template
before in vitro transcription. Because of the smaller size of pSINrep5,
recombinant virions can be produced that contain genomes with larger
inserts than can be produced with pTE3′2j. Detailed protocols as well
as the pSINrep5 vector and defective helper DNAs can be obtained
from Invitrogen (http://www.invitrogen.com).
In vitro transcription
Recombinant viral RNA genomes are produced in vitro using the
recombinant pTE3′2j or pSINrep5 described in the previous section as
the DNA template. The DNA is first linearized by digestion with XhoI or
PacI (pTE3′2j), or XhoI, PacI or NotI (pSINrep5). For the production of
pSINrep5 pseudovirions, the helper template DH(26S)5′SIN linearized
with XhoI was used. The template is made RNAse free by adding
25 µg proteinase K and incubating for 30 min at 37°C and then extract-
ing with phenol/chloroform; 5′ capped transcripts are produced using
1 µg linearized DNA, 1 mM NTPs (Boehringer Mannheim), 1 mM GTP
cap analog (Ambion), 1 × transcription buffer (Boehringer Mannheim),
20 U RNAsin (Promega) and 20 U SP6 RNA polymerase (Boehringer
Mannheim) in 20 µl total volume and incubating at 37°C for 2 h. To
obtain an estimate of the yield (generally 5–10 µg per reaction), 1 µl of
the reaction is electrophoresed on a native 1.0% agarose gel contain-
ing 0.5 mg/ml ethidium bromide. RNA is stored in transcription buffer at
–80°C before use in transfection. It is not necessary to remove the
template DNA.
Electroporation
Recombinant virus is produced by electroporation of in vitro tran-
scribed RNA into BHK cells. BHK-21 cells (American Type Culture
Collection) are maintained on Dulbecco’s modified Eagle’s medium
(DMEM) with 10% (vol/vol) fetal bovine serum (FBS), 2 mM L-gluta-
mine, 100 U/ml penicillin and 0.1 mg/ml streptomycin (supplemented
DMEM). Cells are grown to 90% confluency in 150 cm2 tissue culture
flasks then harvested by treatment with trypsin/EDTA for 5 min at 37°C.
Trypsinization was stopped by the addition of supplemented DMEM
and the suspended cells are removed to a sterile 15 ml conical tube.
BHK cells are pelleted by centrifugation for 5 min at 800 × g and resus-
pended in 10 ml ice-cold PBS. The cells are then resuspended and
washed four times in PBS. After the final wash, the cells are resus-
pended on ice in PBS and their concentration adjusted to
1 × 107 cells/ml; 0.4 ml of cells are placed in a electroporation cuvette
(0.2 cm gap, BioRad) to which 8 µl (2–4 µg) in vitro transcribed
recombinant viral RNA is added. For electroporation of the replication-
defective SINrep5 RNA, 4 µl (1–2 µg) SINrep5 RNA plus 4 µl helper
DH(26S)5′SIN RNA (1–2 µg) is used. Electroporation is performed at
450 V and 100 µF using a BioRad Gene Pulser II fitted with a Capaci-
tor Extender Plus module. The cells are pulsed only once. Immediately
following electroporation, 1 ml supplemented DMEM is added and
mixed with the cells. The cells are then transferred to a 75 cm2 tissue
culture flask containing pre-warmed supplemented DMEM. If the virus
is to be concentrated (see below), DMEM supplemented with 1% FBS
instead of 10% is used. The procedure is repeated a second time and
the cells are added to the same flask. A control electroporation without
the addition of RNA is also performed. 
Harvesting and concentrating recombinant viral particles
Both recombinant dsSIN virions and SINrep5 pseudovirions are har-
vested when approximately 80% of the cells show signs of cytopathic
effect and lysis. This normally occurs 24–30 h after electroporation. By
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this time, cytopathology and cell lysis should be clearly visible. The
virus is harvested in the tissue culture fluid which is cleared of cellular
debris by centrifugation at 5000 × g for 15 min in a clinical centrifuge. If
the virus is to be concentrated, the cleared supernatant is placed in a
Biomax-100 kDa nominal molecular weight limit centrifugal filter device
(Millipore) and centrifuged at 4000 × g for 1 h at 4°C. Using this
method, virus can be concentrated approximately 50-fold. Alternatively,
virus can be pelleted by centrifugation through a 30% sucrose
(weight/volume) cushion containing 0.1 M Tris, pH 7.6, 0.15 M NaCl,
3 mM EDTA for 3 h at 35,000 r.p.m. in a SW41 rotor. The virus pellet is
resuspended in a minimal volume of supplemented DMEM. The virus
should be stored at –80°C in small aliquots as repeated freeze–thaw
cycles can lower viral titer.
Titering dsSIN virus
Viral titers are determined by cytopathic effect analysis on BHK-21
cells [S3]. Serial dilutions of virus are made in triplicate in a 96 well
plate containing 90 µl supplemented DMEM in each well. After the dilu-
tions are made, the wells are seeded with 100 µl BHK-21 cells at a
concentration of 1 × 105 cells/ml. After 48–72 h at 37°C, the viral titer
is determined based on the greatest dilution of virus that is able to
result in cytopathic effect on the cell monolayer.
Titering SINrep5 pseudovirions
Because SINrep5 pseudovirions cannot produce productive infections,
SINrep5 recombinants are more easily titered using an immunofluores-
cence assay [S4]. BHK-21 cells are grown on glass coverslips and
infected when they are 70–80% confluent. The cells are fixed after 6 h
with cold acetone for 10 min. The coverslips are rinsed with PBS then
blocked in PBS containing 1% BSA (PBS/BSA) for 20 min. The cover-
slips are then incubated with primary antibody raised against the
expressed foreign gene in PBS/BSA for 2 h at room temperature. The
primary antibody is removed and the coverslips are washed four times
for 5 min in PBS/BSA. Fluorescently tagged secondary antibody in
PBS/BSA is placed on the coverslips and incubated for 1 h at room
temperature. The coverslips are then washed as above. The number of
cells expressing the foreign gene is determined and the titer of pseudo-
virions is expressed as infectious units/ml.
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